Abstract -This paper describes a real-time hardware simulator for a grid-tied Permanent Magnet Synchronous Generator (PMSG) wind power system, which consists of an anemometer, a data logger, a motor-generator set with vector drive, and a back-to-back power converter with a digital signal processor (DSP) controller. The anemometer measures real wind speed, and the data is sent to the data logger to calculate the turbine torque. The calculated torque is sent to the vector drive for the induction motor after it is scaled down to the rated simulator power. The motor generates the mechanical power for the PMSG, and the generated electrical power is connected to the grid through a back-to-back converter. The generator-side converter in a back-to-back converter operates in current control mode to track the maximum power point at the given wind speed. The grid-side converter operates to control the direct current link voltage and to correct the power factor. The developed simulator can be used to analyze various mechanical and electrical characteristics of a grid-tied PMSG wind power system. It can also be utilized to educate students or engineers on the operation of grid-tied PMSG wind power system.
Introduction
Permanent Magnet Synchronous Generator (PMSG), which can be directly coupled to the blade without a gear box, has been widely used in wind power systems. A wind power system with PMSG can be operated in a relatively wide range of wind speeds. [1] A wind power system can be divided into blades, rotational parts, generators, and power converters according to the sequence of the energy flow. A thorough understanding of the mechanical characteristics of the blade and rotational parts, as well as the electrical characteristics of the generator and the power converter, is required to interconnect the wind power system with the power grid. [2, 3] An effective way to analyze the characteristics of a wind power system is to build a scaled model and test it inside the wind tunnel. However, it is not easy to build several kW scaled models and test them because of high cost. To address this disadvantage, various simulators have been developed using the software instead of the hardware approach. [4, 5] However, software simulators cannot simulate in detail the operational characteristics of the wind power system, and it normally operates offline.
The hardware simulator was developed by researchers to resolve the disadvantages of software simulators. [6, 7] In hardware simulators, the output torque of the wind turbine is calculated using the procedure in the software simulator to compute wind speed data. The calculated torque value is sent to the motor drive of the direct current (DC) motor or the induction motor as a reference value. The data is compared with the measured motor torque to offer accurate tracking control. The torque generated by the motor is supplied to the PMSG to generate a variable-frequency alternating current (AC) power. This variable-frequency AC power is converted into a 60 Hz AC power and is connected to the power grid through the converter and inverter. [8, 9] Previously developed hardware simulators calculated turbine torque using offline wind data. Thus, it is not possible to analyze the operational characteristics of a PMSG wind power system in real time. It is also difficult for students or engineers to understand various mechanical and electrical characteristics of the PMSG wind power system and to analyze the detailed process of electrical power generation from wind. [10, 11] In this paper, wind speed is measured in real time using an anemometer, and the measured wind speed is sent to a data logger to calculate the generation torque of a specific wind turbine for the given pitch angle of turbine. The calculated torque is sent to the vector drive of the induction motor through a communication link after it is scaled down to match the power rating of the PMSG. Therefore, the developed hardware simulator is effective in understanding the entire process of the grid-tied wind power system from the wind speed measured by the anemometer in real time. Fig. 1 shows a configuration of the proposed hardware simulator for the grid-tied PMSG wind power system, which consists of an anemometer, a data logger, a motorgenerator set with a vector drive, and a back-to-back power converter with a digital signal processor (DSP) controller.
Proposed Hardware Simulator
The anemometer is installed on the roof of the building to measure the wind speed on a horizontal axis at a 360° direction. The measurement range of the wind speed is approximately 0-30 m/s and the threshold sensitivity is approximately 1.0 m/s.
The wind speed is transmitted to the data logger through the communication link. The torque and speed for a specific wind turbine is calculated using the measured wind speed. These values are scaled down to match the power rating of the hardware simulator, and are sent to the vector drive for the induction motor through the RS232 communication link.
The machine-side converter in a back-to-back converter operates to track the maximum power point, while the gridside inverter controls the active and reactive power supplied to the grid.
The supplied torque from the blade to the PMSG is calculated in real time with a mathematical model that considers the tip speed ratio. The calculated torque for the real wind power system is scaled down for the 2 kW wind power system, and is sent to the vector drive for the induction motor through the communication link.
The generated AC power with arbitrary frequency is converted into DC power through the machine-side converter and is delivered to the 220 V grid through the gridside converter.
The anemometer only measures the wind speed in the horizontal axis. However, the wind at the real blade is not horizontal and not uniform. Thus, the real blade has different dynamic characteristics compared with the anemometer.
System Modeling

Aerodynamic Model of the Blade
The aerodynamic power generated by wind can be described in Eq. (1). 3 
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where A is the circular area of the blade, ρ is the air density, and V wind is the wind velocity. The kinetic power the blade generates from the wind is represented by Eq. (2), which is related to the power coefficient C p . 
Thus, the blade kinetic power is proportional to the cubic square of the wind velocity and the power coefficient.
The power coefficient is a function of the tip speed ratio λ , which means the ratio of the tangential blade tip speed to the wind speed represented by Eq. (3). The blade torque, T blade , which is delivered to the generator, can be represented by Eq. (4).
The power coefficient C p varies according to the tip speed ratio and the pitch angle, as shown in Fig. 2 . The power coefficient curve with respect to the tip speed ratio has the highest values at 0° of the pitch angle. At a given pitch angle, the power coefficient curve shows a peak value at a specific tip speed value, in which the maximum power can be extracted. [12] [13] [14] 
Fig. 2. Blade Power Coefficient Curve
Kinetic Model of the Blade
Detailed specifications of an actual wind turbine are required to develop a realistic simulator. The Nordex S70 wind turbine was selected due to its easy data acquisition. Fig . 3 shows the shape of the blade, which can be divided into three sections. The center of the weight for each section is located one-third of the way from the central axis. The inertia can be calculated as follows.
where m is the weight of the object and R is the radius of the object.
Fig. 3. Blade Structure for Inertia Calculation
The inertia value of each blade section can be calculated as follows: In the actual blade shown in Fig. 4(a) , the blade torque blade T can be represented by Eq. (6).
( ) Fig. 4(b) shows that an induction motor replaces the blade, where the motor torque T M can be represented by Eq. (7).
Assuming that the dynamic characteristic of motor are the same as that of the blade, Eq. (8) can be derived from Eqs. (6) and (7), where
( )
The motor inertia J M of the actual hardware can be negligible because it is much smaller than the blade inertia J G .
where T comp is the compensation value of the torque difference.
Tower Effect
As wind passes through the tower, wind speed decreases due to the resistance of the tower structure, which results in periodic output torque ripple called the "tower effect," as shown in Fig. 5(a) [15] . This ripple is equal to the rotational frequency multiplied by the number of blades. The shape and amount of the torque ripple depends on the characteristic of the physical structures; thus, it is considered as a functional drop of ramp shape, as shown in Fig. 5(b) .
Torque T blade means the torque delivered from the wind to the blade and T tower means the torque ripple due to the tower effect. Thus, the actual delivered torque T' blade is expressed in (10) .
Turbine Simulator
Fig . 6 shows the flow chart to calculate blade torque with respect to wind speed. The rotational speed of PMSG is converted to that of the blade through scaling, and the tip speed ratio is calculated with the wind speed and the radius of the blade. The power coefficient is calculated using the exponential function with respect to the tip speed ratio and the pitch angle. Finally, the output power is calculated using Eq. (2), and the torque is calculated using Eq. (4). This value is corrected by the torque ripple through the tower effect. The corrected torque is supplied to the vector drive for the induction motor through the communication link, after being scaled down for the 2 kW PMSG. The scaled coefficients are shown in Table 2 . 
Fig. 7. Communication Algorithm for Torque Signal
The measured wind data with the anemometer is sent to the data logger every 0.05 s. Torque calculation and correction are conducted in the data logger. The calculated torque is sent to the vector drive for the induction motor through the RS232 communication link. The refresh rate was set at 25 ms, considering the communication delay and data transmission speed of 19,200 bps.
When the communication starts between the data logger and the vector drive, the data logger receives the motor speed. If the motor speed exceeds the maximum limit value, the data logger executes the EMERGENCY algorithm to make the torque command zero. If the motor speed is smaller than the maximum limit value, the data logger sends out the torque command. Fig. 8 shows a detailed configuration of the generatorside converter control. The reference signal for the maximum power point tracker (MPPT) control is generated as follows. The maximum blade power under the given wind speed can be obtained when the power coefficient C p is maintained at 0.323 at 0° pitch angle, which is obtained by making the tip speed ratio equal to 5.01 for the wind turbine of S70. The turbine speed is measured by an encoder. This value is compared with the reference value for tracking the maximum value of C p . The error is used to determine the reference value of the d-component current through PI control. The reference value of the q-component current is set to zero for the unity power factor.
Generator-side Converter Control
An encoder is installed to obtain the phase-locked loop (PLL) signal for rotational d-q transformation. The threephase line current in the generator side is measured and sent to the current control block through the rotational d-q transformation. These values are compared with the previous reference values and passed through the current control block to obtain the d and q reference values of the converter voltage. These values are sent to the pulse-width modulation (PWM) module to generate the gate pulses. Fig. 9 shows a detailed control configuration of the gridside converter. It has a DC voltage control loop and the P, Q control using d-q transformation. The DC link voltage rises when the power from the generator is larger than the power supplied to the grid. It also decreases disproportionally. The power from the generator is transferred entirely to the grid when the DC link voltage is maintained at a constant value. The error signal is sent to the PI control to generate the reference current of real power. There is a feedforward current supplied from the generator side. The reference value of the d-component current is determined by these two components. The reference value of the qcomponent is computed, dividing the reference value of Q by the nominal value at the point of common connection.
Fig. 8. Generator-side Converter Control
Grid-side Converter Control
The three-phase voltage at the point of common connection is measured and sent to the PLL block and the rotational d-q transformation block. The transformed values are sent to the current control block. The three-phase line current in the grid side is measured and is sent to the current control block through the rotational d-q transformation. These values are compared with the previous reference values and are passed through the current control block to obtain the d and q reference values of the converter voltage. These values are sent to the PWM module to generate the gate pulses. 
Computer Simulation
A simulation model with the PSCAD/EMTDC software was developed based on the system configuration shown in Fig. 1 . In this model, the torque generated by the Nordex S70 turbine is calculated and is scaled down for the 2 kW PMSG simulator. Major elements, such as PMSG, transformer, back-to-back converter, grid power source, and PWM pulse generator, are represented by built-in models. However, the wind turbine model and the digital controller are represented by user-defined models programmed with C-language. Table 3 shows the circuit parameters for the simulator and the simulation scenario is described in Table  4 , where the wind speed varies from 0 to 20 s. Fig. 10 shows the torque, output power, and angular speed generated by the blade of the 1.5 MW PMSG wind power generator. The blade power is about 1.5 MW when the wind speed is 13 [m/s], which is proportional to the cubic square of wind speed. The calculated torque and angular speed are scaled down for the 2 kW PMSG wind power system. Fig. 11 shows the DC link voltage, the PMSG activepower, and the grid active-power. The grid-side converter transmits the blade power to the grid. The maximum power Fig. 12 shows the variation of the active current I de , the reactive current I qe , and the power coefficient. The generator-side converter performs current control accurately to generate maximum power according to the variation of wind speed.
Fig. 12. Generator-side Converter Control
Hardware Simulator
The hardware simulator shown in Fig. 13 was designed and was built based on the simulation results with PSCAD/EMTDC. The hardware simulator is composed of the anemometer, data logger, motor-generator, DSP controller, and power converter. The technical specifications for the anemometer and data logger are described in Table  5 , while the circuit parameters for the power converter and motor-generator set are described in Table 6 . Fig. 15 shows that the generator operates at the maximum power point using current control scheme. When the converter at the generator side performs current control against wind speed variation, the generator operates at the maximum power point. Fig. 16 shows the i de_mref , i de_m , i qe_m , and DC link voltage.
The DC link voltage is maintained as a constant value and the power factor is maintained as 1. 
Conclusion
This paper describes a real-time hardware simulator for the grid-tied PMSG wind power system, which consists of the anemometer, data logger, motor-generator set with vector drive, and back-to-back power converter with DSP controller.
The anemometer measures the real wind speed, which is sent to the data logger to calculate the turbine torque. The calculated torque is sent to the vector drive for the induction motor after it is scaled down to the rated simulator power. The motor generates the mechanical power for the PMSG, and the generated electrical power is connected to the grid through a back-to-back converter.
Previously developed hardware simulators calculate the turbine torque using the offline wind data. Thus, it is not possible to analyze the operational characteristics of the PMSG wind power system in real time.
The developed simulator can be used to analyze various mechanical and electrical characteristics of grid-tied PMSG wind power systems in real time. Furthermore, the data generated from the current study can be utilized to educate students or engineers on the operation of grid-tied PMSG wind power system.
